ABSTRACT Lutzomyia longipalpis (Diptera: Psychodidae) is the principal vector of American visceral leishmaniasis. Several studies have indicated that the Lu. longipalpis population structure is complex. It has been suggested that genetic divergence caused by genetic drift, selection, or both may affect the vectorial capacity of Lu. longipalpis. However, it remains unclear whether genetic differences among Lu. longipalpis populations are directly implicated in the transmission features of visceral leishmaniasis. We evaluated the genetic composition and the patterns of genetic differentiation among Lu. longipalpis populations collected from regions with different patterns of transmission of visceral leishmaniasis by analyzing the sequence variation in the mitochondrial cytochrome b gene. Furthermore, we investigated the temporal distribution of haplotypes and compared our results with those obtained in a previous study. Our data indicate that there are differences in the haplotype composition and that there has been signiÞcant differentiation between the analyzed populations. Our results reveal that measures used to control visceral leishmaniasis might have inßuenced the genetic composition of the vector population. This Þnding raises important questions concerning the epidemiology of visceral leishmaniasis, because these differences in the genetic structures among populations of Lu. longipalpis may have implications with respect to their efÞciency as vectors for visceral leishmaniasis.
Visceral leishmaniasis (VL), caused by Leishmania infantum (syn. L. chagasi), is transmitted by the phlebotomine sand ßy Lutzomyia longipalpis (Diptera: Psychodidae). This sand ßy species is primarily found in dry habitats in Central and South America and in humid forests in the Amazon River basin (Lainson et al. 1985 , Lanzaro et al. 1993 , Dujardin et al. 1997 .
More than 90% of reported American VL cases occur in Brazil. In this country, VL is generally considered a rural disease, with wild canids (Cerdocyon thous and Lycalopex vetulus) serving as sylvatic reservoirs and with domestic dogs acting as principal reservoir hosts in localities where the disease is endemic. With the urbanization of the disease, the eco-epidemiological features of VL have changed, with a signiÞcant impact on the distribution of and mortality from the disease. It is believed that urbanization of VL resulted from the adaptation of the vector Lu. longipalpis to anthropogenic environmental alterations (Costa 2008) .
In the Espṍrito Santo, a state located in southeastern Brazil, VL was Þrst recorded in 1968. Since then, several cases in both humans and dogs have been reported to be associated with L. infantum. These cases have been restricted to the northwestern part of the state. Pancas, the most important VL endemic area in the state, is the only area with active transmission of VL, despite restriction of the disease to canine populations since 2000 (Falqueto et al. 2009 ). Although the disease distribution is associated with the geographical range of the vector (Young and Duncan 1994) , Lu. longipalpis is frequently observed in some regions without any reports of VL (e.g., in Afonso Cláudio, a municipality Ϸ100 km from Pancas).
Several studies have indicated that the Lu. longipalpis population structure is complex (Uribe 1999 , Maingon et al. 2008 , Araki et al. 2009 ). However, it remains unclear whether genetic differences among Lu. longipalpis populations are directly associated with differential transmission of VL. It has been suggested that genetic divergence, caused by genetic drift, selection, or both may affect the vectorial capacity of Lu. longipalpis, resulting in insect popula-tions with distinct vectorial efÞciencies (Lanzaro et al. 1993) .
Analysis of genes encoded by mitochondrial (mt) DNA has corroborated results obtained through chemical analysis of male sex pheromones and other molecular markers, indicating the presence of distinct genetic groups of Lu. longipalpis (Hodgkinson et al. 2003 , Coutinho-Abreu et al. 2008 . mtDNA is maternally inherited and tends to evolve rapidly; therefore, haplotype variations in mtDNA may reßect an evolutionary process leading to speciation, such as dispersal and subsequent fragmentation of the environment (Beard et al. 1993) . The 3Ј end of the mitochondrial cytochrome b (cyt b) gene has proven suitably variable for this type of analysis in the sand ßy species Lutzomyia whitmani (Antunes & Coutinho) (Ishikawa et al. 1999 ) and in Lu. longipalpis (Hodgkinson et al. 2002 (Hodgkinson et al. , 2003 .
In this study, we aimed to evaluate the genetic composition and the patterns of genetic differentiation among Lu. longipalpis populations collected from regions with different patterns of transmission of visceral leishmaniasis through analysis of the sequence variations in the mitochondrial cytochrome b gene. In addition, we investigated the distribution of haplotypes and compared our results with those obtained in a previous study (Hodgkinson et al. 2003) .
Materials and Methods
Area Selection. The study was conducted in two municipalities of the Espṍrito Santo State separated by Ϸ100 km: Afonso Cláudio (20Њ 03Ј57Љ S, Ϫ41Њ 0.09Ј07Љ W) and Pancas. These areas where selected in accordance with differences in the eco-epidemiological patterns: 1) Afonso Cláudio: limited area of the vector occurrence (same biogeographical conditions of Pancas, but limited by altitude and moisture), low abundance of the vector in the intradomestic environment and any report of the disease (human and dog); and 2, Pancas: high abundance of the vector (in the peridomestic and intradomestic environments) and report of human cases of the disease.
In this study, we assume that the Lu. longipalpis populations in Espṍrito Santo state were composed of only one species of the complex, Lu. longipalpis, based on a previous study (Araki et al (2009) .
Specimen Collection. The specimens were collected in the peridomestic environments of the areas by using a manual aspirator from 1800 to 2200 hours. The collections in Pancas were performed near two streams; known locally as có rregos (creeks), São Luiz (19Њ 10Ј25Љ S, Ϫ40Њ 51Ј08Љ W; altitude, 380 m) and Ubá (19Њ 04Ј75Љ S, 40Њ 50Ј13Љ W; altitude, 99 m), located Ϸ7 km from one another. The Pancas collections were performed in 2006 and 2007 and the Afonso Cláudio collection was performed in 2008 (Fig. 1) . The analyzed populations were coded as follows: Pancas-06/ 07, insects collected in this study; Pancas-98, insects collected in 1998 (Hodgkinson et al. 2003) ; and AC, insects collected in Afonso Cláudio. For some analyses, the specimens collected in Pancas were grouped into two populations: Ubá and São Luiz (SL).
GenBank Sequences. The sequences of 16 Lu. longipalpis specimens, representing specimens collected in Pancas between November and December 1998 were retrieved from GenBank (Hodgkinson et al. 2003) and were added to the analysis performed in this study.
DNA Extraction. Female insects were dissected in sterile saline, and the last three abdominal segments and the head were used for taxonomic identiÞcation, according to Young and Duncan (1994) . The remaining parts of those insects identiÞed as Lu. longipalpis were used for total genomic DNA extraction, using the Wizard SV Genomic DNA PuriÞcation System (Promega, Madison, WI).
Cytochrome b Amplification and Sequencing. The samples were ampliÞed using the following primers: forward primer (CB3-PDR) was 5-CA(T/ C)ATTCAACC(A/T)GAAT GATA-3 and the reverse primer (N1N-PDR) was 5-GGTA(C/T)(A/T)TTGC-CTCGA(T/A)T TCG(T/A)TATGA-3 (Ready et al. 1997) . All polymerase chain reaction (PCR) ampliÞ-cations were carried out in a PTC-200 Peltier thermal cycler (MJ Research, Watertown, MA) programmed for one cycle of 5 min at 95ЊC, 25 cycles of 1 min at 95ЊC, 30 s at 51ЊC and 35 s at 72ЊC, with a Þnal extension at 72ЊC for 10 min. An aliquot (5 l) of each ampliÞcation product was separated electrophoretically in an agarose gel. A 100-bp DNA Step Ladder was used as a molecular weight size standard. The samples were puriÞed directly from the PCR products using the Wizard SV Gel and PCR Clean-Up system (Promega). Samples were sequenced using the BigDye Terminator version 3.0 cycle sequencing kit (Applied Biosystems, Foster City, CA), diluted 1:4 to a Þnal volume of 10 l with 20 Ð 60 ng of the puriÞed PCR products and 3.2 pmol of one of the internal primers CbLuF 5Ј-GGAGA(C/T)CC(A/T)GATAATT TTATT-3Ј and CbLuR 5Ј-TAATGTTTTCAAAACAATTGC-3Ј. Each PCR product was sequenced four times (two forward and two reverse sequences). The cycling proÞle was 10-s denaturation at 95ЊC, 5-s annealing at 50ЊC, and 4-min extension at 60ЊC for 100 cycles. Because Lutzomyia alencari Martins, Souza & Falcao and Lu. longipalpis females are morphologically similar, two Lu. alencari specimens, one female and one male, were sequenced to control for any taxonomic mistakes.
Data Analysis. The sequences of cyt b mtDNA from Lu. alencari and Lu. longipalpis obtained in the current study, as well as those sequences retrieved from GenBank, were edited and aligned using the programs BioEdit and Mega 4 (Tamura et al. 2007 ). The number of haplotypes per population and the indices of genetic variability were determined using the DNASP program (Librado and Rozas 2009) . To examine whether any two of the populations genetically differed from each other the pairwise F ST statistics among all populations were estimated and tested using the program ProSeq (Filatov 2002) . The signiÞcance of these statistics was evaluated by 1,000 random permutations of sequences between populations. The F ST values were interpreted according to Wright (1965) . Genetic distances (Nei 1972 ) among populations were calculated assuming the haplotype frequencies, and their relationships were inferred by principal coordinate analysis, as implemented in the NTSYS 2.11s program (Rolhf 1989) . Relationships among haplotypes were identiÞed with the Network 4.510 program, using the Median-Joining parameter (Bandelt et al. 1999) .
Results
In this study, we analyzed the genetic patterns of natural populations of Lu. longipalpis collected from two municipalities in Espṍrito Santo state in southeastern Brazil, Pancas and Afonso Cláudio. We analyzed a 262-bp fragment from the 3Ј end of the mitochondrial cyt b gene of Lu. longipalpis. In total, 284 sequences were analyzed, representing four sequences obtained from each of the 71 specimens included in the study: 48 from Pancas (28 from Ubá and 20 from São Luis) and 23 from Afonso Cláudio. In addition, eight sequences, representing two Lu. alencari specimens, were included in the analysis. Furthermore, sequences corresponding to Þve haplotypes, retrieved from GenBank, were added to the analysis.
The sequence analysis indicated the presence of six haplotypes: one common to Pancas-98, Pancas 06/07, and Afonso Cláudio [H1 (Ll-2)]; one common to Afonso Cláudio and Pancas-06/07; two shared by Pancas-98 and Pancas-06/07 [H3 (Ll-24) and H4 (Ll-23)]; and two haplotypes observed only in Pancas-98 ( Fig.  2; Table 1 ). As observed by Hodgkinson et al (2003) , all of the differences observed among the haplotypes were related to transitions mutations. No difference in haplotype composition was observed between the Ubá and São Luis samples. The most frequent haplotype observed in our study, H2, has not been detected previously. However, the most frequent haplotype observed in Pancas-98, Ll-8, was not observed in the current study ( Fig. 2 ; Table 1 ). There was almost no difference between the frequencies of the two haplotypes observed in Afonso Cláudio [H1 (Ll-2) and H2] (Fig. 2) .
The H3 (Ll-24) and H4 (Ll-23) haplotypes were observed in Pancas-06/07 as well as in Pancas-98. These haplotypes are most closely related to the most frequently observed haplotype in this study, H2 (49.3%). The H1 (Ll-2) haplotype also was observed in Pancas-98 and Pancas-06/07, but the frequency of this haplotype decreased from 25 to 8.3% from 1998 to 2006 Ð2007. The haplotype Ll-8 was the most frequently observed (37.5%) in Pancas-98; however, this haplotype was not observed in the other populations. The L1Ð 8 haplotype had the highest number of mutations, when using the H2 haplotype as the reference haplotype.
The number of segregating sites (S), the number of haplotypes (H), the haplotype diversity (Hd), and the nucleotide diversity () were calculated for each population (Table 2) . To address these genetic parameters and the F ST values (supported by the results presented in Table 1 ), we considered all specimens collected in Pancas-06/07 as one population. No Þxed mutation was observed in any of the analyzed populations. Although the Pancas-98 population was composed of a lower number of insects than the others, the haplotype diversity in this population was higher than that of the other groups. A low level of nucleotide diversity was observed in all populations.
The haplotype network indicates a close relationship among Lu. longipalpis haplotypes and large differences between Lu. alencari and Lu. longipalpis, indicating that all of the female insects used in our study were correctly identiÞed (Fig. 3) . Few mutations were observed in the sequence of each Lu. longipalpis haplotype.
Our data indicate that there are differences in the haplotype composition (Table 1 ; Fig. 2 ) and that there has been signiÞcant differentiation between each population that was analyzed (Table 3) . Differences among the three populations (Pancas-98, Pancas-06/ 07, and Afonso Cláudio) also were observed by principal coordinate analysis based on NeiÕs genetic distances. The scores for the three populations were plotted along two dimensions. Analysis of the Þrst dimension, which accounted for 93.69% of the total variation, made clear that the differentiation between the Pancas-98 and Pancas-06/07 populations was higher than that between the Pancas and Afonso Cláu-dio populations (data not shown).
Discussion
Visceral leishmaniasis was Þrst recorded in Espṍrito Santo in 1968, and since then, several cases associated with L. infantum have been reported in humans and dogs in municipalities located in the northwestern part of the state. In our recent study (Falqueto et al. AC, Afonso Cláudio; Pancas-06/07, haplotypes determined for the specimens collected in this study; SL, So Luiz; Pancas-98, haplotypes related to specimens collected in 1998 and described by Hodgkinson et al. (2003) . Dot means the same nucleotide as the row above; dash means not observed.
a The haplotype codes in parentheses represent those described by Hodgkinson et al. (2003) . A. Cláudio is Afonso Cláudio; Pancas-06/07, insects collected in this study; Pancas-98 ϭ insects analyzed by Hodgkinson et al. (2003) . N, number of specimens analyzed; S, number of segregating sites; H, number of haplotypes; Hd, haplotype diversity; and , pairwise nucleotide diversity.
2009), we conÞrmed that Pancas is a highly endemic rural area for L. infantum activity. Although no human cases have been reported since 2000, the prevalence of speciÞc antibodies in the human population indicates past or subclinical infection in humans.
In Espṍrito Santo, as in the other VL endemic regions of Brazil, the presence of the disease matches completely with the distribution of Lu. longipalpis. However, some of these areas are free from the disease. Initially, we assumed that absence of disease was due to absence of the parasite, as in Afonso Cláudio municipality.
Previous Lu. longipalpis population genetics studies, which analyzed insects from Pancas by sequencing their mt cyt b genes (Hodgkinson et al. 2003) , indicated a higher variability in the mt cyt b gene haplotype composition than the variability detected in the current study. However, a lower number of specimens were analyzed in the previous study . We did identify a difference in the relative frequencies of most haplotypes from each collection. The frequency of haplotype H1 (Ll-2) in Pancas decreased signiÞ-cantly from 1998 to 2006 Ð2007, possibly reßecting negative selection of this haplotype in this locality. Of note is the fact that, during the study conducted by Hodgkingson et al. (2003) , there are recorded cases of human VL in the municipality of Pancas.
Pancas is the most important municipality in the state with regard to the epidemiological situation of VL, and it is one of the municipalities adopting VL control measures such as eliminating clinical dogs and seropositive dogs. Since 2000, there have been no reports of human VL in Pancas, and the control program remains in place. As part of the control program, insecticide is applied in houses where infected dogs have been identiÞed. Together, the control measures could be causing a reduction in the haplotype variability in the area, as well as affecting the haplotype composition and negatively selecting some haplotypes.
We cannot rule out the possibility that variation in the haplotype composition might arise among collections (Urdaneta-Marquez et al. 2008) . However, our analysis suggests that the use of different collections is not affecting our results. Two localities were selected in Pancas (Ubá and São Luis), and the collections at these two locations were performed at two different times. The F ST values indicate that there is no difference between these two collections. Dispersal experiments have demonstrated that Lu. longipalpis frequently travel distances up to 2.2 km, and most of the ßies remain limited to a restricted area (Morrison et al. 1993) . Despite not knowing the exact location of the collections of Hodgkinson et al. (2003) study, from the F ST values obtained for São Luiz and Ubá, we can conclude that in a radius of Ϸ7 km is not expected variation in the genetic composition of populations.
The lower haplotype diversity and the high F ST values between Lu. longipalpis populations from Afonso Cláudio and Pancas indicate that there are differences between these two populations. It is possible that the genetic composition of Lu. longipalpis in Afonso Cláudio does not favor the transmission and maintenance of the parasite or that L. infantum is unable to enter in the region. However, considering the haplotype composition and the abundance of the H2 haplotype in both areas, we assume that Afonso Cláudio is a risk area for VL. It is important to note that the abundance of Lu. longipalpis in this area is quite Hodgkinson et al. (2003) . AC, Afonso Cláudio. For three populations F ST ϭ 0.2669*. Asterisk (*) indicates signiÞcance of F ST values was evaluated by 1,000 random permutations. All values were signiÞcant at the level of P Ͻ 0.001. low (unpublished observations), a fact that is directly associated with the transmission force.
It has been suggested that there are different standards for domestic and enzootic cycles of VL and that such patterns could be associated with differences in the populations of Lu. longipalpis (Lainson et al. 1983) . Some studies have shown that insect vectors may differ in their association with human habitats (Scott and McClelland 1975 , Tabachnick et al. 1979 , Moore 1979 , Ballinger-Crabtree et al. 1992 , Foley et al. 1994 , Campbell-Lendrum et al. 1999 ) and that these differences may affect the transmission of the disease. Genetic divergence among vector populations also may affect genes controlling vectorial capacity (Lanzaro and Warburg 1995) .
Knowledge of the ecology and population genetics of Lu. longipalpis has important implications for our understanding of the transmission cycle of L. infantum. Differences in the genetic composition of the populations examined in the current study can differ signiÞcantly over relatively short distances, short periods, or both, possibly affecting the relative susceptibility of these populations to the pathogen or to the capability of the populations to transmit the pathogen in the anthroponotic environment by the low adaptability of vector to this environment. It would be interesting to compare the population genetic composition of Lu. longipalpis from other areas with and without the presence of VL to determine whether an association exists between mt cyt b haplotype diversity and differences in the epidemiology of VL.
